Research on prebiotic chemistry and the origins of nucleic acids and proteins has traditionally been focussed on only one or the other. However, if nucleotides and amino acids co-existed on the early Earth, their mutual interactions and reactivity should be considered explicitly. Here we set out to investigate nucleotide/nucleoside formation by simple dehydration reactions of constituent building blocks (sugar, phosphate, and nucleobase) in the presence of different amino acids. We demonstrate the simultaneous formation of glycosidic bonds between ribose, purines, and pyrimidines under mild conditions without catalysts or activated reagents, as well as nucleobase exchange, in addition to the simultaneous formation of nucleotide and nucleoside isomers from several nucleobases. Clear differences in the distribution of glycosylation products are observed when glycine is present. This work demonstrates that reaction networks of nucleotides and amino acids should be considered when exploring the emergence of catalytic networks in the context of molecular evolution.
N ucleotides and amino acids are vital building blocks in biology 1 , but although nature has mastered their synthesis and polymerisation 2, 3 , their synthesis under mild, prebiotically plausible and simple conditions, without activation, in the laboratory is challenging 4 . In this context, the uncatalysed synthesis of nucleosides and nucleotides from their precursors has been widely investigated. For instance, Orgel and co-workers synthesised small amounts of adenosine and guanosine nucleosides in separate reactions via the dehydration reaction of ribose together with the corresponding purine base, adenine or guanine, in the presence of inorganic polyphosphate salts 5 . They also showed that nucleoside yields were improved by the addition of salts to the reaction solution, which can help drive dehydration reactions. However, the synthesis of canonical pyrimidine cytosine, thymine, and uracil nucleosides is difficult, and they have not been synthesised directly from the base and ribose. Without careful control, the inherent reactivity of the different amine groups leads to non-canonical nucleosides being the preferred products. Currently, the state-of-the-art synthesis requires the stepwise addition of the components reacting under unique conditions, as well as a final photoanomerisation step [6] [7] [8] . Noncanonical nucleoside/nucleotide formation from nucleobase analogues and (5′-phosphorylated) ribose has been successfully achieved 9, 10 . This is interesting as the synthesis presents a possibility for alternative pathways to genetic polymers during a "pre-RNA world", but it would be interesting to consider how amino acids and peptides might feature in such a world. This is because the formation of peptides has been found to be possible under mild conditions via simple hydration-dehydration cycles by heating solutions of amino acids to >90°C [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Recently, a mixture of amino acids and ribonucleotides in the presence of an activating agent (i.e. carbodiimide, ethylimidazole, or magnesium chloride) has been shown to lead to the formation of mixed polymers of nucleotides and amino acids 20, 21, 22 in addition to the formation of oligo-dipeptide backbones using thioester derivatives as mediators 23 .
Here, we study the co-reactivity of amino acids and nucleotide building blocks under simple dehydration conditions (90°C for 5 h) ( Supplementary Figs. 1, 2 ). Through simple one-pot dehydration reaction of an aqueous mixture (pH 2.5) containing nucleotide building blocks (ribose, phosphate and nucleobase) without additional activated or catalytic agents, simultaneous formation of nucleotide and nucleoside isomer structures from both purines and pyrimidines are obtained. We also observe an exchange of nucleobases within and between nucleoside and nucleotide compounds, indicating a dynamic environment of early-forming nucleic acid monomers (Fig. 1a) . Furthermore, we observe a clear isomeric selection on glycosylation products when we incorporate amino acids into our reactions (Fig. 1b) . This indicates that amino acids may have had the capacity to direct the chemistry of prebiotic nucleoside/nucleotide synthesis, further supporting the hypothesis of nucleic acid/amino acid coevolution. Our combined results suggest complex, possibly indirect pathways to a stable reservoir of nucleic acid monomers, which were almost certainly subject to dynamic isomeric exchange and interaction with neighbouring small molecules.
Results
Simultaneous formation of glycosylation products. The formation of nucleoside and nucleotide structures from simple precursors was achieved simultaneously with three nucleobases by dehydration reactions. This is in contrast to previous work in this field, where conditions were optimised to favour specific products [24] [25] [26] . In a typical glycosylation experiment, adenine and P-ribose were heated at 90°C for 5 h at pH 2.5. We observed the formation of adenine monophosphate (AMP) nucleotide (and its isomers) when adenine and P-ribose were combined. Figs. 5, 6 ); other major peaks might be consistent with AMP isomers, such as the N6-ribosylated isomer. In order to confirm this, a hydrolysis reaction in the presence of NaOH (0.1 M) was performed, in an attempt to differentiate between the different isomers, considering that the N6-ribosylated isomer is more prone to hydrolysis. However, a slight disturbance in the peaks can be observed, which makes it difficult to confirm the identity of N6-ribosylated isomer. We then analysed two pure standards of two different isomers (adenosine 3′-monophosphate and adenosine 5′-monophosphate monohydrate) individually and in a mixture in order to elucidate the elution profile of the isomers (Supplementary Figs. 148, 149) . A shift in the retention time can be observed for the standard mixture providing a better correlation with the elution of these compounds in the real sample. Although it is difficult to differentiate between isomers, we can confirm the presence of at least two isomers within the AMP products by comparing the elution profile of the standard mixture to the real sample. It is now clear that the formation of different isomers ( Supplementary Fig. 12 ) is a possible reason for eluting nucleotides with the same masses at different retention times. Furthermore, MS/MS analysis of our reaction products reveals fragmentation of AMP (and its isomers) to adenine (m/z = 136.0617 ± 0.01) ( Supplementary Fig. 20) ; this is consistent with fragmentation of the canonical AMP standard. Our proposed reaction mechanism consists of the formation of a glycosidic bond between a 1′-OH group of ribose and an amino group of adenine (see Supplementary Fig. 12 ).
Time-course reactions show that water evaporation is the main driving force for glycosylation products formation, showing a significant increase in the formation of nucleoside and nucleotide structures in the time period between 2 and 4 h (Fig. 2a) . This corresponds to the time range when the sample volume is drastically decreased, and reagents are extremely concentrated. After 5-6 h of reaction, the sample reaches dryness and the rate of reaction (followed by intensity in HPLC-MS measurements) stabilises. In addition to AMP, glycosidic bond-containing products, including cyclic nucleotides (i.e. cAMP) 27 , and nucleosides (i.e. adenosine), were detected using RP-HPLC-MS, MS/MS, and tested for 1,N6-etheno derivative formation 28, 29 , confirmed by comparison to standards (Fig. 2, Supplementary Figs [16] [17] [18] [19] [20] [21] . These results show that while cyclic structures are formed, canonical cAMP is not the main product.
Comparison to an adenosine analytical standard also shows that adenosine, together with a number of isomeric species, is formed in the condensation reaction of P-ribose and adenine (Supplementary Figs. [18] [19] [20] [21] [22] . While the canonical forms of AMP and adenosine were confirmed in these experiments, they were not the main products in the dehydration reaction.
When phosphate was supplied separately as pyrophosphate and reacted with adenine and ribose, a compound with the mass of adenosine was detected and a low amount of AMP and cAMP were detected, and adenosine still formed when no phosphate source was present ( Supplementary Figs. 33-41) . It worth noting that we have intentionally focussed our studies on identifying phosphorylated products (AMP isomers and cAMP isomers) and paid less attention to identifying phosphorylated products that are not AMP isomers and cAMP isomers [30] [31] [32] . We propose the formation of a glycosidic bond between the hydroxyl group of ribose and an amino group of adenine, which is triggered by the loss of a water molecule by evaporation. The relative reactivity of the primary and secondary amine groups in adenine is well studied 33 and without activation or the presence of a protecting group, glycosidic linkage at the primary amine is normally preferred. Therefore, the canonical isomer of adenosine/AMP is not expected to be a major product, as it would require reaction exclusively at the secondary amine. However, the reactivity is sufficiently high at the secondary amine site for the canonical isomers to be formed, though not as the major product. In other nucleobases, such as guanine, there are even more accessible amine groups, and the potential for isomeric products is greater.
Reactivity of ribose is likely to be predominantly through the anomeric position, leading to fewer possible isomers, though some other minor products may be observed.
The reactivity of other canonical nucleobases (cytosine, guanine and thymine) with P-ribose was also investigated. Masses corresponding to nucleoside and nucleotide structures were detected following the dehydration reaction of guanine and cytosine with P-ribose ( Fig. 3 and Supplementary Figs . 50-64). Guanine glycosylation structures were formed to a relatively low extent, likely due to the limited solubility of guanine at low pH. The product quantities measured for 5-methyluridine monophosphate (m 5 UMP) and 5-methyluridine (thymine nucleoside) were even lower than their equivalents from guanine and cytosine ( Fig. 3 and Supplementary Figs . 65, 66). These results can be explained by the presence of a primary amino group in guanine and cytosine, which is lacking in thymine. While all three nucleobases have secondary amine groups, these are less reactive in glycosidic bond formation. Hence, the formation of nucleoside and nucleotide structures through a secondary amine reaction, as is required to form canonical glycosylation products, is disfavoured in nucleobases where primary amines are available. This has an interesting implication for the adoption of nucleic acid chemistry in the origin of life, as it suggests that the canonical nucleotides may have been initially unsuitable until further biochemical machinery had emerged to enhance selectivity towards the correct isomers. Therefore, as expected, whilst canonical nucleotide and nucleoside products of cytosine and guanine were formed in our experiments, they did not correspond to the main peaks observed (Supplementary Figs. 42-49) . By combining these two observations (different retention times but same mass distribution as canonical standards in the EICs), we can conclude that the nucleotide and nucleoside species formed from the dehydration reaction of guanine/cytosine with P-ribose were mainly isomeric species of the canonical nucleotides and nucleosides (some possible structures are shown in Supplementary Figs. 50, 51) .
Typically, the formation of nucleotide structures has been performed under specific conditions depending on the nucleobase used, targeting a specific reaction product. In an alternative approach, we decided to include multiple nucleobases simultaneously in the reaction with P-ribose. Our aim was to determine whether product formation with multiple nucleobases under the same reaction conditions would yield a mixture of products, or be dominated by one. This reaction was carried out by including two or three nucleobases (adenine, guanine and cytosine) simultaneously in the reaction vessel, together with P-ribose. A mixture of glycosylation products was obtained, comprising nucleotides (AMP, GMP and CMP) as well as the respective cyclic nucleotide (cAMP, cGMP and cCMP) and nucleoside products (adenosine, guanosine and cytidine) ( Supplementary Figs. 67-95 ). Guanine glycosylation products were formed in a lower yield than those of adenine and cytosine, as expected due to the low solubility of guanine under acidic conditions. Nucleobase exchange. Nucleobase exchange was observed when Na + AMP was heated for 5 h at 90°C in acidic aqueous media with cytosine or guanine. Nucleobase exchange resulted in the formation of nucleotide (CMP or GMP), cyclic nucleotide (cCMP or cGMP) and nucleoside (cytidine or guanosine) structures (see Supplementary Figs . 96-102, and Supplementary Table 1 for semi-quantitative yields). In this experiment, CMP and cytidine showed an increasing trend in intensity, whereas cCMP reached a maximum intensity when [cytidine] was 12.5 mM and then dropped until an intensity of 4.0 × 10 4 AU ( Supplementary  Figs. 102a and 155-158) . At a cytosine concentration of 37.5 mM, the compound with the higher intensity was found to be CMP and the intensities measured for cCMP and cytidine were almost the same. Two main isomeric species were observed in the EICs of CMP and cCMP. [ was the main detected peak. These mass distributions matched that observed in the standards. However, the retention time of the main isomers did not correspond with the canonical CMP and cytidine. When AMP was reacted with increasing concentrations of guanine ( Supplementary Fig. 102b ), all three glycosylation products (GMP, cGMP and guanosine) reached a maximum value when the concentration of guanine was 2.5 mM (Supplementary Figs. 160-162) . These results were the consequence of the limited guanine solubility at acidic pH, thus, even if more guanine was added to the reaction vessel, the effective concentration in the solution was the same. Following the maximum value, the intensity of cGMP and guanosine were constant, due to poor solubility of guanine. Only a small Intensity (AU) increase in the intensity of all three guanine glycosylation products was observed when [guanine] = 37.5 mM, which might be related to a larger presence of guanine in the solution due to the high concentration added. In the EIC of GMP, a broad area without well-defined peaks was observed, although two main peaks stood out. On the other hand, the EIC of guanosine presented three peaks, the most intense of which showed the presence of [guanosine + H] + in its mass distribution. The formation of cytosine and guanine glycosylation products demonstrated that cleavage of the AMP glycosidic bond occurred under our reaction conditions. When the EICs of AMP, cAMP and adenosine were analysed, several peaks were observed in each chromatogram, supporting the theory that glycosidic bonds undergo dynamic hydrolysis/formation during the dehydration reaction 34 . The reactions of cytosine and guanine nucleotides with adenine were also investigated. In the case of the dehydration reaction of CMP and adenine, no products corresponding to nucleobase exchange could be observed ( Supplementary Figs. 103-108/a) . However, adenine glycosylation products were clearly detected in the reaction of GMP with adenine ( Supplementary Figs. 105-108/b ). This is because the hydrolysis of glycosidic bonds in GMP is more facile than for CMP, under the same reaction conditions 34 . We have also carried out the nucleobase exchange reaction with UMP and adenine, in order to compare with the direct pyrimidine analogue of adenine ( Supplementary Fig. 109 ). Results were more similar to the CMP yields shown in Supplementary Fig. 108 , than with the GMP yields, obtaining a very low yield for the adenine glycosylation products in the UMP reaction which is not sufficient to enable detection of AMP and cAMP.
Amino acids effect on glycosylation products distribution. As previously mentioned, amino acids, nucleotides and their building blocks could have been present on the early Earth at the same time. Therefore, products of a co-polymerisation reaction, or even products resulting from some catalytic effect of one type of polymer over the other, could have occurred under a prebiotic environment. To study the co-reactivity of nucleotide building blocks and amino acids in a one-pot dehydration, glycine, the simplest amino acid, was included in the dehydration reactions of P-ribose and respective nucleobases. The incorporation of glycine had a clear effect on the formation of glycosylation products, causing the overall yield of products with the mass of AMP isomers, cAMP isomers and adenosine (Fig. 4a and Supplementary  Figs. 28-32 ) to decrease. This indicates that glycine plays a role in either consuming nucleotide building blocks (P-ribose and/or adenine) through a side reaction, or that it becomes attached to the product structure, changing its mass. EIC analysis for these reactions reveals peaks corresponding to the mass of glycine adducts (i.e. AMP-Gly, cAMP-Gly, adenosine-Gly and adenineGly) ( Supplementary Figs. 115-122 ), though these side products are not formed in sufficient quantity to account for all the changes observed. Glycine adducts were also confirmed by using deuterated glycine as starting material together with P-ribose and adenine, which caused changes in the isotopic distribution of the adduct masses ( Supplementary Figs. 123, 124) . A maximum semiquantitative yield of 59% was obtained for the formation of Fig. 4 Glycosylation products in the presence and absence of glycine. a Products of the reaction of 25 mM P-ribose and 25 mM adenine are shown with a solid line; products of the reaction of 25 mM glycine, 25 mM P-ribose and 25 mM adenine are shown with a dashed line. All reactions were performed by heating the starting materials at 90°C for the indicated time in an acid aqueous media, after which samples were analysed by RP-HPLC-MS. b EIC for adenosine monophosphate (m/z = 348.0683 ± 0.01) comparing the reaction of 25 mM adenine + 25 mM P-ribose in the presence (red) and absence (black) of 25 mM glycine. c EIC for cyclic guanosine monophosphate (m/z = 346.0547 ± 0.01) comparing the reaction of 25 mM guanine + 25 mM P-ribose in the presence (red) and absence (black) of 25 mM glycine. Each data point represents the average of three replicates ± standard deviation glycosylation products (AMP isomers, cyclic AMP isomers and adenosine) in the reaction of P-ribose and adenine; however, only 46% yield was obtained when glycine was also present in the reaction medium (Supplementary Fig. 144 ). Quantifying the yields for all possible individual isomers is technically difficult, but semi-quantitative yields of some isomers could be determined using pure standards: Adenosine 5′-monophosphate and adenosine 2′,3′-cyclic monophosphate were found at 38.7% and 18.2%, respectively, in the absence of glycine, while the yield in the presence of glycine was found to be significantly lowered (<2%) for both isomers.
Glycine also affected the distribution of isomeric species, and clear differences were observed in comparison to the base peak chromatogram (BPC) from the reaction of P-ribose and adenine, in the presence and absence of glycine (Fig. 4b and Supplementary Figs. 110-114 ). These data indicated the presence of different chemical species and a resultant change in mass distribution between the reactions with and without glycine. Individual EICs were then analysed for each adenine glycosylation product, resulting in clear differences being observed in the peak relative intensities when glycine was added. These results clearly show that glycine has a selective effect on which isomeric species are preferentially formed. Glycine is known to react readily with other amines under dehydrating conditions 12 , and it is likely to react with the primary amines of nucleobases. Hybrid side products including glycine (Gly-AMP, Gly-cAMP, Gly-Adenosine, Gly-Adenine) were detected in~1% yield ( Supplementary  Fig. 145 ), however, this small percentage has an important effect on the isomeric distribution of the adenine glycosylation products (see Supplementary Figs. 146, 147) . Change in the isotopic distribution of the masses of hybrid products was detected ( Supplementary Figs. 123, 124 ) when deuterated glycine was included in the dehydration reaction, confirming glycine inclusion in hybrid structures.
A similar effect on isomer distribution was also observed when P-ribose was reacted with cytosine/guanine in the presence of glycine (Fig. 4c, Supplementary Figs. 125-140) . The maximum intensities of the different isomer species decreased (GMP, CMP, cGMP, cCMP, guanosine and cytidine), while the distribution of the relative intensities was also affected. The differences between experiments were rigorously verified using a statistical method such as cluster analysis of EIC data to segment samples, in the presence and absence of glycine, into constituent groups/clusters with common characteristics (Fig. 5) . The objective of cluster analysis in this study is to group data (i.e. nucleotide and nucleoside structure formation) into constituent assemblies with shared characteristics (e.g. glycine addition versus no glycine). This analysis should demonstrate high internal homogeneity within clusters/groups and high external heterogeneity between clusters/groups. Fig. 5 displays a dendrogram with "Wards" linkage 35 . To identify clusters in the dendrogram, we have coloured the spectra according to the presence of glycine (glycine -red, no glycine -black, blank -blue). As can be observed, glycine containing samples cluster together. One cluster corresponds to P-ribose + adenine + glycine (three samples), which is separated from samples without glycine. A second cluster corresponds to Pribose + guanine + glycine and P-ribose + cytosine + glycine. Samples containing adenine separate into a larger cluster that is distinguished from the other samples, indicating strong influence of adenine in the reaction. Indeed, there are a number of other possible products and reactions that might take place under the conducted reaction conditions (see Supplementary Note 1 and Supplementary Figs. 150-162 for more details) .
Other amino acids were also included in the dehydration reaction of adenine with P-ribose to test if they would also have some effect on the isomeric distribution of the glycosylation products ( Supplementary Figs. 141-143) . The six amino acids selected for this study (arginine, glutamic acid, threonine, methionine, phenylalanine and tryptophan) have different side chains, with different chemical natures and functional groups. When the results were compared with the data obtained from the reaction of only P-ribose and adenine, changes in the isomeric distribution of AMP were observed in all the reactions, except in the case of tryptophan, which might be attributed to conformational limitations due to the presence of tryptophan's indolebased side chain. Analysing cAMP EICs, smaller changes in the relative intensity of the isomeric peaks were noticed. However, a clear difference was observed in the EIC of adenosine only for the reactions including phenylalanine and threonine.
Discussion
Our results show that glycosidic bonds can be simultaneously formed with three different nucleobases in a one-pot dehydration reaction under acidic conditions. Nucleotide products were observed upon reacting D-ribose-5′-phosphate, adenine, guanine and cytosine as the only starting materials, without the need for any mineral, catalyst or activating agents. The observed nucleobase exchange implies a dynamic equilibrium in the dehydration reaction, where bonds are broken and formed towards the enrichment of the most thermodynamically stable products. Glycosidic bond formation between P-ribose and the nucleobase is found to preferentially occur at the primary amine sites of the nucleobase (where available), leading to non-canonical nucleobases forming as major products. However, reactivity at secondary amine sites also occurs, leading to a distribution of isomeric products. Furthermore, while the reaction of ribose is most likely to occur through the anomeric position, glycosidic bond formation at other positions is also possible, further increasing the number of possible isomeric products. These results support the idea that the initial nucleoside/nucleotide structures in a pre-RNA world might not have been canonical structures, but the most stable or plausible structures preferentially formed in the environmental conditions present on the early Earth. Canonical structures might have only appeared later as a result of further evolution building on these more abundant species. Addition of amino acids was found to significantly alter the relative intensity and distribution of product isomers, and we suggest that this is partially through competition for reactive amine sites on the nucleobase, though amino acid adducts do not account for all the changes observed. Based on these results, we suggest that the Origins of Life community should not discount possible cooperative effects between peptide and nucleotide building blocks on the early Earth, with no predominance of a pure RNA-world or pure Peptide-world, but rather a combination of both. Since the conformation of the nucleobases in a nucleic acid is critical for hydrogen bonding and base pairing, future work will investigate how this selectivity may be tuned using different amino acids or reactive species, in order to promote specific nucleobase isomers.
Methods
General Protocol. In a 7-ml glass reaction vessel the below reagents were added: 1000 µl of 0.1 M glycine, 1000 µl of 0.1 M 5′-phosphate D-ribose and 1000 µl of 0.1 M adenine. The pH was adjusted to the desired value using acid (HCl) or base (NaOH) and finally the total volume was taken to 4 ml using the corresponding amount of HPLC water. Then, the hot plate (equipped with Drysyn hotplate inserts) was pre-heated at 90°C. Glass reaction vessels were placed in the corresponding Drysyn hotplate inserts. Lids with three integrated holes were placed on each vial which facilitated the evaporation during the drying step (see Supplementary Fig. 1 ). The vials were kept at 90°C for a given time, in order to evaporate the solution to complete dryness. Once a cycle was finished, the vials were taken out of the heating plate; otherwise 4 ml of HPLC water was added (depending if the reaction was run for 1 cycle or more). Once finished, products were collected for analysis by adding 8 ml of HPLC water to the reaction vial. Then, 1.5 ml sample was filtered using nylon syringe filters (cut off = 0.22 µm). 500 µl of the extracted sample were mixed with 500 µl of HPLC water for RP-HPLC-MS analysis. Cluster analysis was used to bundle the samples into constituent groups with common characteristics. Here the dendrogram displays high internal homogeneity within clusters for three replicates each of reactions performed in the presence and absence of glycine. At the same time, the method displays high external heterogeneity between clusters where adenine samples compose a larger cluster that is more distant than other nucleotides
